Helicobacter pylori encodes a large number of Restriction-Modification (R-M) systems despite its 1 7 small genome. R-M systems have been described as "primitive immune systems" in bacteria, but the 1 8 role of methylation in bacterial gene regulation and other processes is increasingly accepted. Every H.
INTRODUCTION

0
Epigenetics denotes inheritable mechanisms that regulate gene expression without altering the DNA 3 1 sequence. In prokaryotes, methyltransferases (MTases) transfer methyl groups from S-adenosyl 1 0 0 rpm, microaerobic atmosphere). Next, the OD 600 was measured and adjusted to the same number of 1 0 1 cells (OD 600 = 1 as 3x10 8 bacteria). Finally, 100 µl of serial dilutions were plated onto blood agar 1 0 2 plates containing chloramphenicol, and incubated at 37°C under microaerobic conditions. 1 0 3
Approximately 4-5 days later, colonies were counted and the efficiency of transformation was 1 0 4 calculated as cfu/ml. gDNA was isolated from bacteria grown on blood agar plates using the Genomic-tip 100/G kit 1 0 7
(Qiagen, Hilden, Germany) following the manufacturer's protocol. The gDNA pellet was dissolved 1 0 8 over night at room temperature with EB buffer.
1 0 9
For RNA extraction, 5 ml of bacterial cells grown in liquid medium were pelleted (4°C, 6000 x g, 3 1 1 0 min), snap-frozen in liquid nitrogen and stored at -80 °C. Afterwards, bacterial pellets were disrupted 1 1 1 with a FastPrep® FP120 Cell Disrupter (Thermo Savant) using Lysing Matrix B 2 ml tubes containing 1 1 2 0.1 mm silica beads (MP Biomedicals, Eschwege, Germany). Isolation of RNA was performed using 1 1 3 1 1 4
DNase treatment was carried out using the TURBO DNA-free™ Kit (Ambion, Kaufungen, Germany).
5
Isolated RNA was checked for the absence of DNA contamination by PCR reaction.
6
DNA and RNA concentrations were measured using a NanoDrop 2000 spectrophotometer (Peqlab 1 1 7
Biotechnologies). RNA quality given as RINe number was measured with an Agilent 4200 Tape 1 1 8
Station system using RNA Screen Tapes (Agilent, Waldbronn, Germany). All the RINe numbers were 1 1 9
higher than 8.2, suggesting a low amount of degradation products. Genome editing (MuGent) technique as described (9, 43) , with the exception that we used only a CAT 1 3 5 cassette within the non-essential rdxA locus as selective marker. Sanger sequencing was used to 1 3 6 verify the acquisition of the desired mutations within the GCGC motifs. The putative promoter of the 1 3 7 gene was predicted using the BPROM Softberry online tool (44). All H. pylori mutants were checked 1 3 8 via PCR and selected on antibiotic-containing plates. The absence or recovery of methylation was ).
9 1
Polymorphisms were called in both alignments and pooled together. The percentage of mutated m5 C 1 9 2 positions within GCGC motifs was determined for each possible transition or transversion as follows:
Since the G m5 CGC motif is palindromic, the same analysis was made for the complementary strand, 1 9 4
where the position of the second G ( m5 C in the complementary strand) was compared for each 1 9 5 possible mutation and calculated as above.
9 6
Finally, the percentage of mutated C outside GCGC motifs calculated as follows for each possible 1 9 7 The predicted number of motifs per kb was calculated as follows: proportion of coccoid forms were visible between 6-9 hours after inoculation while they are rarely 3 7 1 found in the wild type strain at this time point (Supplementary Figure 7A ). An effect of the inactivation 3 7 2 of JHP1050 on the morphology was not observed for the other three strains 24 hours post-inoculation 3 7 3
(Supplementary Figure 7B ). Complementation of J99-mut restored the wild type phenotype. We note 3 7 4
that Live/Dead staining did not show a significant difference between the percentage of live vs. dead 3 7 5 bacteria between the wild type and the mutant strains collected from 22-24 hour plates. There was a 3 7 6
slight reduction in viability in the BCM-300-mut strain, but no differences were found in the other 3 7 7 strains ( Figure 4B ). As in the liquid cultures, an increased number of rounded bacteria were noticed 3 7 8
for J99-mut ( Figure 4C ). was significantly higher than the overall C->T or C-> another base transition in the genomes of all the 3 9 0 tested strains. Therefore, the m5 C methylation of the common GCGC motif in all H. pylori strains may 3 9 1 contribute to the high mutation rate of H. pylori and its overall low GC content by favouring 3 9 2 deamination (Supplementary Figure 4B ).
9 3
Regulation of Outer Membrane Proteins (OMPs) and adherence by G m5 CGC methylation is 3 9 4 strain-specific 3 9 5
OMP genes represent approximately 4% of the H. pylori genome (57). Fourteen OMPs were found to 3 9 6 be upregulated in J99-mut ( Supplementary Table 5 ). Only three of these OMPs were slightly 3 9 7 upregulated in BCM-300-mut but the FC was lower than the cut-off of 2. Confirmation of the 3 9 8 upregulation of OMP genes was performed using qPCR in J99-mut ( Supplementary Figure 5C , D).
9 9
We detected either no regulation or weak upregulation in the other three mutated strains 
1 6
The DNA uptake capacity of the four mutated strains was quantitated by counting recombinant 4 1 7
colonies carrying an antibiotic resistance cassette after standardized transformation experiments (see 4 1 8
Materials and Methods). A significant reduction in the efficiency of transformation to chloramphenicol 4 1 9
resistance was observed in the J99, 26695 and H1 mutants compared to their respective wild type 4 2 0 strains, but no difference was apparent for BCM-300 ( Figure 5A ). The down-regulation of these three 4 2 1 components of the ComB system might be sufficient to reduce the competence in three of the strains.
2 2
Loss of m5 C methylation increases susceptibility to copper toxicity.
2 3
Copper (Cu) is an essential metal used by H. pylori as a cofactor in multiple processes and it has 4 2 4 been shown, for example, to be important for colonization (59). However, an excess of heavy metals 4 2 5
can be toxic for the bacterial cells, leading to the existence of several mechanisms to control Cu 4 2 6 homeostasis. One of the mechanisms involves the two-component system CrdR/S. In the presence of 4 2 7
Cu, the sensor kinase CrdS phosphorylates the response regulator CrdR triggering the activation of a 4 2 8
copper resistance protein and a copper efflux complex (60).
2 9
The transcriptional regulator gene crdR was less expressed in both J99 and BCM-300 MTase 4 3 0 mutants ( and with a control culture without added Cu ( Figure 5B ). The results indicates that m5 C methylation 4 3 6
within the upTSS is required to ensure sufficient transcription of the transcriptional regulator to protect 4 3 7
against an excess of copper. methylation has been shown to influence gene expression in several bacterial species, we considered 4 5 5 a regulatory function most likely, and performed global transcriptome analysis using RNA-Seq.
5 6
The results obtained by RNA-Seq analysis of two H. pylori wild type strains, J99 and BCM-300, and 4 5 7
their respective MTase mutants confirmed our hypothesis that GCGC methylation affects the 4 5 8
transcription of multiple H. pylori genes, but we were surprised by the substantial differences between 4 5 9 the two strains. While there were 225 DEGs in J99, whose transcription was significantly changed in 4 6 0
the MTase mutant, only 29 genes showed an altered expression in BCM-300, and only 10 DEGs were 4 6 1 shared between both strains.
6 2
To better understand the relationship between GCGC methylation and transcriptional gene regulation, 4 6 3
we studied the correlation between the presence of GCGC motifs within coding sequences and 4 6 4 upstream regulatory sequences and the effect of a loss of methylation on transcription.
6 5
DEGs were more likely to contain more than three motifs in the 500 bp sequence upstream of the 4 6 6 start codon than the genes not showing significant differential regulation ( Figure 2 ). Among the DEGs, 4 6 7 the presence of GCGC motifs within the upTSS was significantly associated with higher fold change 4 6 8
(FC) values (Supplementary Figure 6B ). Moreover, there were more DEGs with higher number of 4 6 9 motifs within the coding sequence than expected when compared with the non-DEGs (Supplementary 4 7 0 Figure 6A ). These results are similar to reports from Vibrio cholerae, where a significant correlation 4 7 1 between differential regulation and the number of motifs within the coding sequence was reported for 4 7 2 a m5 C MTase (21).
7 3
Six of the 10 DEGs shared between J99 and BCM-300 contained GCGC motifs within the upTSS. We belong to conserved cellular pathways (i.e. biotin synthesis, Fe(ii) uptake, molybdopterin biosynthesis, 4 9 0 bicarbonate and proton production, tRNA modification) and also include a transcriptional regulator 4 9 1 involved in copper resistance. Based on these observations, we propose that the conserved GCGC-4 9 2 specific MTase directly controls the expression of those genes involved in various, partially 4 9 3 fundamental, cellular pathways.
9 4
The inactivation of the MTase caused a substantial growth defect and accelerated conversion to 4 9 5 coccoid cells in H. pylori J99 that were restored to wild type growth in a complemented strain. The 4 9 6 three other wild type strains investigated did not show a similar growth defect when the MTase was MTase studied here, there were some genes differentially regulated by more than one MTase, 5 0 5
suggesting that the effects of different MTases may be interlinked. Thus, the strain-specific 5 0 6
phenotypes observed in the absence of m5 C methylation in GCGC motifs are likely to reflect the 5 0 7
complex and intrinsic diversity of H. pylori at the genome, methylome, and transcriptome levels.
0 8
While we clearly showed that methylation of a GCGC motif overlapping the promoter within the 5 0 9
upTSS directly affected transcription, we currently do not understand how the presence or absence of 5 1 0
GCGC methylation can affect so many genes in strain J99, and which mechanisms contribute to 5 1 1 strain-variable effects. It seems likely that at least some of the massive changes observed in strain 5 1 2 J99 are indirect effects, e.g. resulting from the downregulation of genes affecting growth. The effect of 5 1 3
MTase inactivation in any given strain is likely to be the net outcome of interlinked direct and indirect 5 1 4
regulatory effects that will need to be further elucidated in the future. Methylation may affect DNA 5 1 5
topology, which has a strong influence on genome-wide gene regulation, causing secondary effects 5 1 6 on the global transcriptome by a plethora of mechanisms. For example, modifications of DNA 5 1 7
1 5 topology affect the binding of DnaA to the OriC2 of H. pylori (64). The flaA promoter, whose 5 1 8 expression is governed mainly by the transcription factor σ 28 , was shown by extensive mutagenesis to 5 1 9
be strongly modulated in a topology-dependent manner during the growth phase (65). This also fits to 5 2 0 the previously described methylation-dependent indirect regulation of the flaA promoter (39 The authors declare that that they have no conflicts of interest in regard to this article. (SD). B) Viability of the strains was studied using epifluorescence microscopy after Live/Dead staining.
4 2
7 7
Similar viability was observed in all the cases. Statistics: 2-way ANOVA, p<0.05, bars: SD. C) 5 7 8
Bacterial morphology was quantitated using Image J from pictures of the epifluorescence microscopy.
7 9
A value of 0 represents complete elongated bacteria, while a value of 1 means complete circle. In F  l  u  s  b  e  r  g  ,  B  .  A  .  ,  W  e  b  s  t  e  r  ,  D  .  R  .  ,  L  e  e  ,  J  .  H  .  ,  T  r  a  v  e  r  s  ,  K  .  J  .  ,  O  l  i  v  a  r  e  s  ,  E  .  C  .  ,  C  l  a  r  k  ,  T  .  A  .  ,  K  o  r  l  a  c  h  ,  J  .  a  n  d  6  7  9  T  u  r  n  e  r  ,  S  .  W  .  (  2  0  1  0  )  D  i  r  e  c  t  d  e  t  e  c  t  i  o  n  o  f  D  N  A  m  e  t  h  y  l  a  t  i  o  n  d  u  r  i  n  g  S  i  n  g  l  e  -M  o  l  e  c  u  l  e  ,  R  e  a  l  -T  i  m  e  6  8  0  s  eu  e  n  c  i  n  g  .   N  a  t  .  M  e  t  h  o  d  s   ,  7  ,  4  6  1  -4  6  5  .  6  8  1  3  3  .  K  r  e  b  e  s  ,  J  .  ,  M  o  r  g  a  n  ,  R  .  D  .  ,  B  u  n  k  ,  B  .  ,  S  p  r  o  e  r  ,  C  .  ,  L  u  o  n  g  ,  K  .  ,  P  a  r  u  s  e  l  ,  R  .  ,  A  n  t  o  n  ,  B  .  P  .  ,  K  o  n  i  g  ,  C  .  ,  6  8  2  J  o  s  e  n  h  a  n  s  ,  C  .  ,  O  v  e  r  m  a  n  n  ,  J  . e t a l . 
